Introduction {#sec1-1}
============

Mosquitoes can transmit more diseases than any other group of arthropods and affect million of people throughout the world. WHO has declared the mosquitoes as "public enemy number one"[@ref1]. Mosquito borne diseases are prevalent in more than 100 countries across the world, infecting over 700,000,000 people every year globally and 40,000,000 of the Indian population. They act as a vector for most of the life threatening diseases like malaria, yellow fever, dengue fever, chikungunya ferver, filariasis, encephalitis, West Nile virus infection, *etc*., in almost all tropical and subtropical countries and many other parts of the world.

To prevent proliferation of mosquito borne diseases and to improve quality of environment and public health, mosquito control is essential. The major tool in mosquito control operation is the application of synthetic insecticides such as organochlorine and organophosphate compounds. But this has not been very successful due to human, technical, operational, ecological, and economic factors. In recent years, use of many of the former synthetic insecticides in mosquito control programme has been limited. It is due to lack of novel insecticides, high cost of synthetic insecticides, concern for environmental sustainability, harmful effect on human health, and other non-target populations, their non biodegradable nature, higher rate of biological magnification through ecosystem, and increasing insecticide resistance on a global scale[@ref2][@ref3]. Thus, the Environmental Protection Act in 1969 has framed a number of rules and regulations to check the application of chemical control agents in nature[@ref4]. It has prompted researchers to look for alternative approaches ranging from provision of or promoting the adoption of effective and transparent mosquito management strategies that focus on public education, monitoring and surveillance, source reduction and environment friendly least-toxic larval control. These factors have resulted in an urge to look for environment friendly, cost-effective, biodegradable and target specific insecticides against mosquito species. Considering these, the application of eco-friedly alternatives such as biological control of vectors has become the central focus of the control programmme in lieu of the chemical insecticides.

One of the most effective alternative approaches under the biological control programme is to explore the floral biodiversity and enter the field of using safer insecticides of botanical origin as a simple and sustainable method of mosquito control. Further, unlike conventional insecticides which are based on a single active ingredient, plant derived insecticides comprise botanical blends of chemical compounds which act concertedly on both behavourial and physiological processes. Thus there is very little chance of pests developing resistance to such substances. Identifying bio-insecticides that are efficient, as well as being suitable and adaptive to ecological conditions, is imperative for continued effective vector control management. Botanicals have widespread insecticidal properties and will obviously work as a new weapon in the arsenal of synthetic insecticides and in future may act as suitable alternative product to fight against mosquito borne diseases.

Roark[@ref5] described approximately 1,200 plant species having potential insecticidal value, while Sukumar *et al*[@ref6] listed and discussed 344 plant species that only exhibited mosquitocidal activity. Shallan *et al* in 2005[@ref7] reviewed the current state of knowledge on larvicidal plant species, extraction processes, growth and reproduction inhibiting phytochemicals, botanical ovicides, synergistic, additive and antagonistic joint action effects of mixtures, residual capacity, effects on non-target organisms, resistance and screening methodologies, and discussed some promising advances made in phytochemical research. [Table I](#T1){ref-type="table"} summarized the mosquitocidal activities of various herbal products from edible crops, ornamental plants, trees, shrubs, herbs, grasses and marine plants according to the exaction procedure developed in eleven different solvent systems and the nature of mosquitocidal activities against different life stages of different vector species as a ready reference for further studies.

###### 

Efficacy of botanical extracts in controlling/reducing the population of vector mosquitoes
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Phytochemicals {#sec1-2}
==============

Phytochemicals are botanicals which are naturally occurring insecticides obtained from floral resources. Applications of phytochemicals in mosquito control were in use since the 1920s[@ref8], but the discovery of synthetic insecticides such as DDT in 1939 side tracked the application of phytochemicals in mosquito control programme. After facing several problems due to injudicious and over application of synthetic insecticides in nature, re-focus on phytochemicals that are easily biodegradable and have no ill-effects on non-target organisms was appreciated. Since then, the search for new bioactive compounds from the plant kingdom and an effort to determine its structure and commercial production has been initiated. At present phytochemicals make upto 1 per cent of world\'s pesticide market[@ref9].

Botanicals are basically secondary metabolites that serve as a means of defence mechanism of the plants to withstand the continuous selection pressure from herbivore predators and other environmental factors. Several groups of phytochemicals such as alkaloids, steroids, terpenoids, essential oils and phenolics from different plants have been reported previously for their insecticidal activities[@ref7]. Insecticidal effects of plant extracts vary not only according to plant species, mosquito species, geographical varities and parts used, but also due to extraction methodology adopted and the polarity of the solvents used during extraction. A wide selection of plants from herbs, shrubs and large trees was used for extraction of mosquito toxins. Phytochemicals were extracted either from the whole body of little herbs or from various parts like fruits, leaves, stems, barks, roots, *etc*., of larger plants or trees. In all cases where the most toxic substances were concentrated upon, found and extracted for mosquito control.

Plants produce numerous chemicals, many of which have medicinal and pesticidal properties. More than 2000 plant species have been known to produce chemical factors and metabolites of value in pest control programmes. Members of the plant families- Solanaceae, Asteraceae, Cladophoraceae, Labiatae, Miliaceae, Oocystaceae and Rutaceae have various types of larval, adulticidal or repellent activities against different species of mosquitoes[@ref7].

Application of phytochemicals as mosquito larvicide: An essential component of IMM {#sec2-1}
----------------------------------------------------------------------------------

Human beings have used plant parts, products and secondary metabolites of plant origin in pest control since early historical times. Vector control has been practiced since the early 20th century. During the pre-DDT era, reduction of vector mosquitoes mainly depended on environmental management of breeding habitats, *i.e*., source reduction. During that period, some botanical insecticides used in different countries were Chrysanthemum, Pyrethrum, Derris, Quassia, Nicotine, Hellebore, Anabasine, Azadirachtin, d-limonene camphor, Turpentine, *etc*[@ref7].

From the early 1950s, DDT and other synthetic organochloride and organophosphate insecticides were extensively used to interrupt transmission of vector borne diseases by reducing densities, human-vector contact and, in particular, the longevity of vector mosquitoes. In the mid-1970s, the resurgence of vector borne diseases, along with development of insecticide resistance in vector population, poor human acceptance of indoor house spraying and environmental concerns against the use of insecticides led to a rethinking in vector control strategies[@ref10]. As a result, emphasis was given on the application of alternative methods in mosquito control as part of the Integrated Mosquito Management (IMM)[@ref11]. Integrated Mosquito Management (IMM) is a decision-making process for the management of mosquito populations, involving a combination of methods and strategies for long-term maintenance of low levels of vectors. The purpose of IMM is to protect public health from diseases transmitted by mosquitoes, maintain healthy environment through proper use and disposal of pesticides and improve the overall quality of life through practical and effective pest control strategies. The main approaches of IMM include: *(i)* Source reduction and habitat management by proper sanitation, water management in temporary and permanent water bodies, and channel irrigation. Vegetation management is also necessary to eliminate protection and food for mosquito larvae; *(ii)* Larviciding by application of dipteran specific bacteria, insect growth regulators, surface films and oils, expanded polystyrene beads, phytochemicals, organophosphates and organochlorides, *(iii)* Adulticiding by application of synthetic pyrethroids, organophosphates and synthetic or plant derived repellents, insecticide impregnated bed nets, genetic manipulations of vector species, etc., *(iv)* Use of mosquito density assessment in adult and larval condition and disease surveillance; and *(v)* Application of biological control methods by using entomophagous bacteria, fungi, microsporidians, predators and parasites.

Of the above avenues of IMM, larviciding approach is the more proactive, proenvironment, target specific and safer approach than controlling adult mosquitoes. Application of larvicide from botanical origin was extensively studied as an essential part of IMM, and various mosquito control agents such as ocimenone, rotenone, capllin, quassin, thymol, eugenol, neolignans, arborine and goniothalamin were developed[@ref7].

Variation of larvicidal potentiality according to mosquito species, plant parts and polarity of solvents used {#sec2-2}
-------------------------------------------------------------------------------------------------------------

The efficacy of phytochemicals against mosquito larvae can vary significantly depending on plant species, plant parts used, age of plant parts (young, mature or senescent), solvent used during extraction as well as upon the available vector species. Sukumar *et al*[@ref6] have described the existence of variations in the level of effectiveness of phytochemical compounds on target mosquito species *vis-à-vis* plant parts from which these were extracted, responses in species and their developmental stages against the specified extract, solvent of extraction, geographical origin of the plant, photosensitivity of some of the compounds in the extract, effect on growth and reproduction. Changes in the larvicidal efficacy of the plant extracts occurred due to geographical origin of the plant (in *Citrus* sp[@ref18][@ref39][@ref64][@ref65], *Jatropha* sp[@ref13][@ref20][@ref21], *Ocimum sanctum*[@ref22][@ref35][@ref65][@ref82], *Momordica charantia*[@ref22][@ref24][@ref49], *Piper* sp[@ref54][@ref63][@ref89][@ref95] and *Azadirechta indica*[@ref65]); response in the different mosquito species (in *Curcuma domestica*[@ref26], *Withania somnifera*[@ref13], *Jatropha curcas*[@ref13][@ref20], *Piper retrofractum*[@ref63], *Cestrum diurnum*[@ref58], *Citrullus vulgaris*[@ref50][@ref71], and *Tridax procumbens*[@ref30][@ref31] ); due to variation in the species of plant examined (in *Euphorbia* sp[@ref22][@ref28][@ref37][@ref51], *Phyllanthus* sp[@ref20], *Curcuma* sp[@ref36], *Solanum* sp[@ref16][@ref29][@ref57][@ref60][@ref75][@ref79][@ref96], *Ocimum* sp[@ref23][@ref35][@ref65][@ref82], *Eucalyptus* sp[@ref22][@ref28][@ref37][@ref51], *Plumbago* sp[@ref20], *Vitex* sp[@ref50][@ref93], *Piper* sp[@ref54][@ref63][@ref89][@ref95], *Annona* sp[@ref48][@ref54][@ref69], and *Cleome* sp[@ref31][@ref78]) and between plant parts used to study the larvicidal efficacy (in *Euphorbia tirucalli*[@ref28][@ref51], *Solanum xanthocarpum*[@ref16], *Azadirechta indica*[@ref65], *Solanum villosum*[@ref57][@ref60][@ref79][@ref96], *Annona squamosa*[@ref48][@ref54][@ref69], *Withania somnifera*[@ref13], *Melia azedarach*[@ref45], Moringa oleifera[@ref46] and *Ocimum sanctum*[@ref35][@ref82]). However, the principal objective of the present documentation is to report the changes in larvicidal potentiality of the plant extracts due to change of the particular solvent used during extraction. Variation of the larvicidal potential of the same plant changed with the solvents used as evidenced in case of *Solanum xanthocarpum*[@ref16], *Euphorbia tirucalli*[@ref28][@ref51], *Momordica charantia*[@ref22][@ref24][@ref49], *Eucalyptus globules*[@ref14][@ref15][@ref28][@ref83], *Citrullus colocynthis*[@ref13], *Azadirechta indica*[@ref65], *Annona squamosa*[@ref48][@ref54][@ref69] and *Solanum nigrum*[@ref29][@ref75].

It has been shown that the extraction of active biochemical from plants depends upon the polarity of the solvents used. Polar solvent will extract polar molecules and non-polar solvents extract non-polar molecules. This was achieved by using mainly eleven solvent systems ranging from hexane/ petroleum ether, the most non polar (polarity index of 0.1 that mainly extracts essential oil) to that of water, the most polar (polarity index of 10.2) that extracts biochemical with higher molecular weights such as proteins, glycans, *etc*. Chloroform or ethyl acetate are moderately polar (polarity index of 4.1) that mainly extracts steroids, alkaloids, *etc*. It has been found that in most of the studies solvent with minimum polarity have been used such as hexane or petroleum ether or that with maximum polarity such as aqueous/ steam distillation. However, those biochemical that were extracted using moderately polar solvents were also seen to give good results as reported by a few bioassay. Thus, different solvent types can significantly affect the potency of extracted plant compounds and there is difference in the chemo-profile of the plant species. In [Table I](#T1){ref-type="table"}, the lowest LC~50~ value was reported in *Solenostemma argel* against *Cx. pipiens*[@ref47]. Several other plants such as *Nyctanthes arbotristis*[@ref38], *Atlantia monophylla*[@ref57], *Centella asiatica*[@ref40], *Cryptotaenia paniculata*[@ref76] were also reported with promising LC~50~ values. These extracts may be fractioned in order to locate the particular bioactive toxic agent responsible for larval toxicity. [Table I](#T1){ref-type="table"} also reported that most of the studies were carried out on *Culex* mosquitoes and *Aedes* was the least frequently chosen mosquitoes for all the experiments. In several studies, instead of a particular solvent, combination of solvents or serial extraction by different solvents according to their polarity has also been tried and good larvicidal potentiality found as a result[@ref96].

Nature of active ingredients responsible for larval toxicity {#sec2-3}
------------------------------------------------------------

The plant world comprises a rich untapped pool of phytochemicals that may be widely used in place of synthetic insecticides in mosquito control programme. Kishore *et al*[@ref97] reviewed the efficacy of phytochemicals against mosquito larvae according to their chemical nature and described the mosquito larvicidal potentiality of several plant derived secondary materials, such as, alkanes, alkenes, alkynes and simple aromatics, lactones, essential oils and fatty acids, terpenes, alkaloids, steroids, isoflavonoids, pterocarpans and lignans. They also documented the isolation of several bioactive toxic principles from various plants and reported their toxicity against different mosquito species ([Table II](#T2){ref-type="table"}).

###### 

Identification of various bioactive toxic principles from plant extract and their relative mosquitocidal efficacy
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Mode of action of phytochemicals in target insect body {#sec2-4}
------------------------------------------------------

Generally the active toxic ingredients of plant extracts are secondary metabolites that are evolved to protect them from herbivores. The insects feed on these secondary metabolites potentially encountering toxic substances with relatively non-specific effects on a wide range of molecular targets. These targets range from proteins (enzymes, receptors, signaling molecules, ion-channels and structural proteins), nucleic acids, biomembranes, and other cellular components[@ref98]. This in turn, affects insect physiology in many different ways and at various receptor sites, the principal of which is abnormality in the nervous system (such as, in neurotransmitter synthesis, storage, release, binding, and re-uptake, receptor activation and function, enzymes involved in signal transduction pathway)[@ref98]. Rattan[@ref98] reviewed the mechanism of action of plant secondary metabolites on insect body and documented several physiological disruptions, such as inhibition of acetylecholinestrase (by essential oils), GABA-gated chloride channel (by thymol), sodium and potassium ion exchange disruption (by pyrethrin) and inhibition of cellular respiration (by rotenone). Such disruption also includes the blockage of calcium channels (by ryanodine), of nerve cell membrane action (by sabadilla), of octopamine receptors (thymol), hormonal balance disruption, mitotic poisioning (by azadirachtin), disruption of the molecular events of morphogenesis and alteration in the behaviour and memory of cholinergic system (by essential oil), *etc*. Of these, the most important activity is the inhibition of acetylcholinerase activity (AChE) as it is a key enzyme responsible for terminating the nerve impulse transmission through synaptic pathway; AChE has been observed to be organophosphorus and carbamate resistant, and it is well-known that the alteration in AChE is one of the main resistance mechanisms in insect pests[@ref99].

Scope for future research: isolation of toxic larvicidal active ingredients {#sec2-5}
---------------------------------------------------------------------------

Several studies have documented the efficacy of plant extracts as the reservoier pool of bioactive toxic agents against mosquito larvae. But only a few have been commercially produced and extensively used in vector control programmes. The main reasons behind the failure in laboratory to land movements of bioactive toxic phytochemicals are poor characterization and inefficiency in determining the structure of active toxic ingredients responsible for larvicidal activity. For the production of a green biopesticide, the following steps can be recommended during any research design with phytochemicals: *(i)* Screening of floral biodiversity in search of crude plant extracts having mosquito larvicidal potentiality; *(ii)* Preparation of plant solvent extracts starting from non-polar to polar chemicals and determination of the most effective solvent extract; *(iii)* Evaporation of the liquid solvent to obtain solid residue and determination of the lethal concentration (LC~50~/LC~100~ values); *(iv)* Phytochemical analysis of the solid residue and application of column chromatography and thin layer chromatography to purify and isolate toxic phytochemical with larvicidal potentiality; *(v)* Determination of the structure of active principle by infra red (IR) spectroscopic, nuclear magnetic resonance (NMR) and gas chromatography and mass spectroscopy (GCMS) analysis; *(vi)* Study of the effect of active ingredient on non target organisms; and *(vii)* Field evaluation of the active principle before its recommendation in vector control programme and commercial production.

Conclusion {#sec1-3}
==========

Today, environmental safety is considered to be of paramount importance. An insecticide does not need to cause high mortality on target organisms in order to be acceptable but should be eco-friedly in nature. Phytochemicals may serve as these are relatively safe, inexpensive and readily available in many parts of the world. Several plants are used in traditional medicines for the mosquito larvicidal activities in many parts of the world. According to Bowers *et al*[@ref100], the screening of locally available medicinal plants for mosquito control would generate local employment, reduce dependence on expensive and imported products, and stimulate local efforts to enhance the public health system. The ethno-pharmacological approaches used in the search of new bioactive toxins from plants appear to be predictive compared to the random screening approach. The recently developed new isolation techniques and chemical characterization through different types of spectroscopy and chromatography together with new pharmacological testing have led to an interest in plants as the source of new larvicidal compounds. Synergestic approaches such as application of mosquito predators with botanical blends and microbial pesticides will provide a better effect in reducing the vector population and the magnitude of epidemiology.

Authors thank Shri Anindya Sen (Department of English, Bankura Christian College) for critically examine the manuscript. The financial support provided by University Grants Commission to Dr Anupam Ghosh is also acknowledged.
